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Organic conjugated polymers have been thoroughly investigated over the past decade 
due to their promising electronic and optical applications. Current research interests 
on conjugated polymers focus on tuning their spectral and electrical properties. The 
structural modification of conjugated polymers significantly influences the electronic 
and optical properties and consequently their potential applications. Recently 
polyfluorenes have become important due to their efficient blue photoluminescence 
and electroluminescence properties. Cyclophanes which are electron rich systems may 
be a good choice for improving the properties of conjugated polymers. 
 
This project covered various attempts to design and synthesize a series of PPE–type 
functional polymers incorporating para- or meta-dithia[3,3]cyclophanes into the 
polymer backbone. In cases where the target polymers were successfully prepared, 
their physical and chemical properties related to electro-conductance and light 
emission were investigated and discussed. 
 
A series of dithia[3,3]cyclophane-containing PPE-type polymers were synthesized by 
Sonogashira coupling reactions and their physical and chemical properties were 
discussed in chapter 3 and chapter 4. The molecular weights of these polymers were 
high. These polymers have large band gaps inappropriate for organic conducting 
materials. From their UV and PL studies it appears that all the polymers exhibit blue 
light. 
 
An attempt was made to do sulfur extraction of these cyclophanes in two different 
ways. The route from the dithia[3,3]cyclophanes to [2,2]cyclophanes through Stevens 
Rearrangement and Hofmann Elimination seems to be a possible method to obtain the 
desired [2,2]cyclophanes. 
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Chapter 1  Introduction 
 
 
1.1 Conjugated Polymers 
 
Polymers containing loosely held electrons in their backbones, often referred to as 
conjugated polymers or conducting polymers, 1-2 have attracted much research effort 
in the last twenty years or so. Many investigations were first motivated by the 
observation that oxidizing or reducing the backbone(doping) of polyacetylene at a 
level equivalent to removing/adding an electron in one out of every 5-15 repeat units, 
increased the conductivity of the matrix by many orders of magnitude.3 Because the 
electrons in these delocalized systems are also easily polarized by an external electric 
field such as that found in light, these types of polymers have also attracted interest 
for their nonlinear optical properties. These polymers have also been proposed as 
“molecular wire” for nanotechnology.4 Over the past two decades, various conjugated 
polymers, which possess unusual electrical,5 magnetic6 and optical properties7 owing 
to the substantial π-electron delocalization along their backbones have been 
synthesized. Today, these polymers are still the target of research due to 
complementary technological and fundamental interests as well as the promising 
commercial opportunity as for alternative technologies to be used in displays and 
devices. 
  
1.1.1 Structures of Conjugated Polymers 
 
The structures of all conjugated polymers have the same signature. Each atom along 
the backbone is involved in a π bond which is much weaker than the σ bonds that hold 
the atoms in the polymer chain together, so conjugated polymer can be recognized by 
the alternation of double and single bonds along the skeleton chain. This arrangement 
results in the delocalization of π bonding and π* antibonding molecular orbitals along 
the polymer backbone. The combination of the properties of the σ and π electrons 
allows these polymers to survive in a wide range of oxidizing and reducing conditions. 
Conjugated polymers thus can be used as electrochemical insertion electrodes, 
high-conductivity/low-density metals, materials for non-linear optics8 and as 
semiconductiors.9 The chemical structures of some common conjugated polymers are 
shown in Table 1.1. 
 
Polyacetylene (PA) is one of the simplest conjugated polymers and has served as the 
prototypical conjugated polymer. In the ground state PA is made of alternating single 
and double bonds and is said to be dimerized. A theoretical model which describes the 
dimerization of this polymer has been proposed by Su, Schrieffer and Heeger.10 They 
showed that the lattice deformation energy due to dimerization is overcome by the 
change in the electronic energy and that the ground state of the system is a dimerized 
one with two CH groups in a unit cell. They have also shown that the system admits a 
soliton solution and that the soliton exhibit very peculiar electronic properties.11 The 
polymer PA can exist in several isomeric forms and the tans-isomer, usually referred 
to as “trans-polyacetylene”, is a thermodynamically stable isomer at room 
temperature.12
Table 1.1 Some Common Conjugated Polymers 
Polyemers Chemical Name Formula Bandgap(eV) 
PA trans-Polyacetylene n  
1.5 



















Poly(p-phenylene)(PPP), as well as its derivatives, are important materials due to their 
thermal stability and electrical conductivity after doping whereas pure PPP is a good 
insulator. They also exhibit photo- or electroluminescence upon excitation with light 
or application of a bias voltage in a diode configuration.13 Recently their application 
as organic light emitting layers in polymeric LEDs has generated extensive research 
interests. Oligo(p-phenylene)s have played a dominant role as model compounds for 
PPPs in the mechanistic studies of their physical properties, which are related to intra- 
and inter-chain charge transport or distribution and the stabilization of charges and 
spins on π-conjugated chains.14 These mechanisms are of special interest with regard 
to the potential application of PPP in rechargeable batteries. 
 
Poly(p-phenylenevinylene)(PPV) and its derivatives continue to be the center of 
interest in basic and applied material science in the field of polyconjugated organic 
polymers since they show large electrical conductivities and optical nonlinearities, 
especially for their application in polymer light emitting diodes, nanocomposites and 
other devices that require organic materials to be conductive, semi-conductive or 
laze.15 There are many established methods of preparing PPV and its derivatives, but 
the preferred method is known as the ‘‘precursor polymer route’’. In this route, the 
monomer is polymerized under basic conditions to generate the precursor polymer, 
which is processable (soluble), and a subsequent thermal elimination step generates 
the conjugated polymer. PPV exhibits good physical and chemical properties for 
practical uses such as improved stability in air. It can also be obtained in the form of 
tough, flexible and dense films by the simple solution casting process. The band gap 
of this material is known to be about 2.4 – 3.0eV, which was confirmed by 
photoluminescence measurements.16 Recent photoemission studies of these materials 
have been focused on the effect of metal overlayers, which are the electrodes for 
LED. 
 
1.1.2 Band Gap of Conjugated Polymer 
In order to understand the electronic and optical properties of conjugated polymers 
better, the simple band theory17 provides some useful information. According to the 
difference in conducting, solid materials can be divided into three kinds, conductors, 
insulators and semi-conductors. A useful way to visualize the difference between 
them is to plot the available energies for electrons in the materials. Instead of having 
discrete energies as in the case of free atoms, the available energy states form bands. 
Crucial to the conduction is process of electrons in the conduction band. In insulators, 
the electrons in the valence band are separated by a large gap from the conduction 
band, in conductors like metals the valence band overlaps the conduction band, and in 
semiconductors there is a small enough gap between the valence and conduction 
bands that thermal or other excitations can bridge the gap. With such a small gap, the 
presence of a small percentage of a doping material can increase conductivity 
dramatically. Figure 1. shows the energy gap of the three kinds of materials. 
(A)Insulator (B)Semiconductor (C)Conductor 
Energy levels in conduction band  
Energy levels in valence band 
 
Figure 1.  A schematic representation of energy gap in (A) Insulator (B) 
Semiconductor (C) Conductor 
 
The electronic and optical properties of the conjugated polymer are mainly 
determined by its π-electron system. By analogy, the bonding π and anti-bonding π* 
orbitals generate energy bands that fully occupied (π band) and empty (π* band). The 
π-electron level with highest energy is referred to as the HOMO (Highest Occupied 
Molecular Orbital), which is the orbital that can act as an electron donor, and is also 
called the valence band. The lowest energy π*-electron level is referred to as the 
LUMO (Lowest Unoccupied Molecular Orbital), which is the orbital that can act as an 
electron acceptor, and is also called the conduction band, just like called in band 
theory. So the HOMO and LUMO are regarded as the frontier orbitals in a π-system 
of organic material and determine the way the molecule interacts with other species. 
The energy difference between these two orbitals is called the band gap.18
 
When measured experimentally, the HOMO and LUMO are found to each have a 
continuous distribution. The ionization potential (IP) of a molecule is defined as the 
energy between the HOMO level and the vacuum, and electron affinity (EA) of a 
molecule is the energy between the LUMO level and the vacuum. The values of IP 
and EA are very important parameters for PLED materials, because they determine 
the rate of hole and electron injection from an electrode. The energy can be 
determined by ultraviolet photoelectron spectroscopy for small molecules. For 
polymeric materials which can not be thermally deposited, electrochemical 
measurements known as cyclic voltammetry (CV) are used. CV can give the values of 
the oxidation and reduction potentials for a material in solution relative to a reference 
redox couple. However, the values given by CV cannot be the true IP and EA, 
because the electronic structure of a molecule may be altered by the polarity of its 
surroundings in solution. Besides, the higher degree of conformational freedom of a 
molecule in solution makes the addition or removal of an electron easier than that for 
the condensed material.18 Nevertheless, CV is still considered as the best method to 
measure the electronic levels for conjugate polymer. 
 
1.1.3 Fluorescence from Conjugated Polymers 
 Fluorescence18 is the emission of light by a molecule which has absorbed radiant 
energy. The radiation is emitted at a longer wavelength than the absorbed energy. 
Conjugated polymers have conjugated backbones, which allow π electrons to be 
delocalized extensively along the chain. As a result, the absorption of ultraviolet or 
visible light by a conjugated polymer causes the excitation of an electron from the 
HOMO (or ground state S0) to the LUMO, generating an excited state (S1) which can 
lose the absorbed energy in two ways—photophysical process and photochemical 
process. Here, photophysical processes are mainly discussed. 
 
Photophysical processes can be defined as transitions which interconvert between 
different excited states or between excited states and the ground state.19 The 
photophysical processes thus are classified as Figure 2. 
1) Radiationless transitions, including internal conversion (e.g. T2→T1+heat; 
S1→S0+heat) and intersystem crossing (e.g. S1→T1+heat; T1→S1+heat). 
2) Radiative processes, including fluorescence (e.g. S1→S0+hv) and 
phosphorescence (e.g. T1→S0+hv). 
In the excited states, some energy in excess of the lowest vibrational energy level is 
rapidly dissipated and the lowest vibrational level of the excited singlet state is 
attained. If all the excess energy is not further dissipated by collisions, the electron 
returns to the ground state with the emission energy. Due to the energy lost in the 
brief period before emission occurs, the emitted energy (fluorescence) has a longer  
Singlet states Triplet states 
 
Figure 2.  Relationship between absorption, emission, and nonradiative vibrational processes. 
wavelength than the energy that was absorbed. Some development of this phenomena 













has been got in OLEDs20. 
 
When irradiated by light, the electronic structure of conjugated polymers has been 
described in terms of a quasi-one-dimensional tight-binding model in which the π 
electrons are coupled to distortion in the polymer backbone by the electron-photon 
interaction.20 In this model, photoexcitation across the π-π* band gap creates free 
carriers (electrons and holes) as in conventional semiconductors. Chain relaxation 
causes the photogenerated free carries to become localized and form the nonlinear 
excitations of conducting polymers: soliton for polymers with degenerated ground 
state, bipolaron (or polaron) for those with non-degenerated ground state. In 
nondegenerate ground-state conducting polymers, photoexcitation creates 
electron-hole pairs which separate as free charge carrier and/or recombine to form 
neutral polaron excitons (or neutral bipolarons). The neutral polaron excitons can 
decay radiatively, giving fluorescence. A variety of experimental studies have clearly 
established that polaron and bipolaron are formed in PPV after photoexcitation.21
 
Conjugated polymer may emit light as a result of electronic excitation,22 thus 
photoluminescence efficiency (ηFL) is a very important property for these photonic 
devices and is defined as (photons emitted/photons absorbed). PL efficiency is limited 
mainly by two factors, one is the excimer formation and the other is the existence of 
quenching center.23-24 When the backbones of neighboring chains are very closely 
packed excimer forms which will result in spectrum red shift, specially broad and 
inefficiency.25 On the other hand, the nature of quenching site in polymer is not fully 
understood yet. One type of quenching that has been understood is nonradiative 
recombination through carbonyl defects.26 A small concentration of carbonyl defects 
can greatly reduce the PL efficiency of a polymer because excitations migrate to find 
the defects, which have an energy level within the band gap. Since carbonyl defects 
form when conjugated polymers are excited in the presence of oxygen, photonic 
devices are usually made in an inert atmosphere and sealed in a hermetic package. PL 
efficiency might be improved when more types of quenching mechanisms are known. 
 
1.1.4 Applications of Conjugated Polymers 
 
Due to their unique structures, conjugated polymers possess advantages such as good 
processibility, low cost, a variety of architectures and outstanding optical properties 
that are of great interests in area of materials science. Since conjugated polymers have 
unusual electronic properties such as low ionization potential and high electron 
affinity and the ability to be oxidized or reduced more reversibly, these polymers may 
combine the electrical and optical properties of metals, the mechanical properties of 
semiconductors and the processing advantages of traditional polymers. Today, as 
conjugated polymers with high-purity have become available, a range of 
semiconductor devices have been investigated, including nono tubes,27 transistors,28-30 
photodiodes,31 light-emitting diodes (LEDs)32, and application in medical area.33 
Some of these polymers based semiconductors perform comparable to or even better 
than those of their inorganic counterparts. The potential for commercialization is 
perceived to be high for these semiconductor devices because they are seen to 
compete in application areas where the market can bear the costs of development. In 
addition, conjugated polymers can also be used for applications such as electrostatic 
shielding, non-linear optics,33 electrochromic windows34 and photodetectors.35 So far, 
many scientific papers and patents have described the special applications of these 
conjugated polymers. The following parts give some examples on the aspects of 
applications of conjugated polymers. 
 
Polymer Light-Emitting Diodes (PLED)  
PLEDs36 are thin film displays that are created by sandwiching an undoped 
conjugated polymer between two proper electrodes at a short distance. Figure 3 
shows a typical structure of a PLED device, which usually consists of three layers. 
Indium tin oxide (ITO) which is deposited on a glass substrate is most frequently used 
as the material of anode layer. The emission layer is deposited as a thin film on the 
electrode by spin-casting from solution of precursor or polymer. Finally, a metal, such 
as aluminum, magnesium or calcium, is evaporated onto the polymer surface to serve 
as second electrode. 
 
When an appropriate voltage (typically a few volts) is applied to the cell, electrons 
and holes are injected into the polymer from the cathode and the anode, respectively. 
Driven by the applied electric field, these charge carriers move through the polymer 
over a certain distance and recombine in the emissive layer. After recombination of 
the injected positive and negative charges, light is produced. Thus the device 
operation of a PLED is determined by three processes: charge injection, charge 
transport, and recombination. Through this process, neutral excitations are created. 
These neutral excitations are bound states of an electron-hole pair, which can move 
along a polymer chain. Once these exited states decay into their ground state, a 
characteristic fluorescence may be generated. This is the reason that polymer can emit 
light when exposed to electricity.  
 
 
Figure 3. Structure of a PLED device, which PPV is used as the emission layer. 
 
One of the most important parameters describing the performance of PLED devices is 
external quantum efficiency (ηEL). When electrons and holes are combined, usually 
only 25% of excitions created are singlet. The rest of 75% form triplet, excitations of 
which are non-emissive. So the external quantum efficiency of device and the solid 
state photoluminescence (ηFL) of polymer obey the following: ηEL ≤ 0.25ηFL. It is 
obvious that photoluminescence efficiency is a very important factor to determine the 
efficiency of PLEDs. Most conjugated polymers have photoluminescence efficiency 
higher than 60%33 and especially for polyfluorene systems, photoluminescence 
efficiency can be up to 80%.34-35 Otherwise, the quenching behavior by metal 
electrode and the degree of carrier balance also can affect photoluminescence 
efficiency greatly. Anyhow, PLEDs enable full-spectrum color displays and are 
relatively inexpensive compared to other display technologies such as LCD or OLED. 
The operation of PLEDs only requires little power to emit a substantial amount of 
light. The marked advantages of conjugated polymers make PLED a promising 
device. 
 
Polymer Light-Emitting Electrochemical Cell (PLEC) 
The PLEC is a radically different approach to light-emitting device fabricated from 
conjugated polymer. In the original configuration of LECs, the active layer consisted 
of a blend of the active electronically conductive polymer, an ion conductive polymer 
and a molecular salt. The basic concept of these devices is the reversible 
electrochemical doping of the electronically conductive polymer, when a sufficiently 
high electrical potential is applied. An attractive idea to realize a junction with 
conjugated polymer is to create this p-n junction in situ by electrochemical doping. By 
applying this p-n junction conjugated polymer, bipolar light-emitting p-n junction 
devices can be produced.37-39
 
The typical structure of a PLED is that conjugated polymer and materials having good 
ion transport properties are blended and arranged between two electrodes in either a 
planar39 or sandwich structure. Each component of the polymer blend is inert and 
uniformly distributed when no bias is applied to the cell. When a sufficiently high 
voltage is applied to the electrode, charges starts injecting into the conjugated 
polymer and counter ions move to preserve the local charge neutrality. 
Electrochemical p- and n-doping occurs in the region adjacent to the anode and 
cathode, respectively. A p-n junction is formed within the active layer, and p- and 
n-type carriers radiatively recombine within the compensated p-n junction. The 
electroluminescence (EL) light is emitted from p-n junction, which has a width of 
only a few micrometers. 
 
PLECs can be processed directly from solution and printed onto flexible substrates, 
thus enabling inexpensive, large-area coverage in many configurations. Moreover, the 
low turn-on voltage for light output from a polymer LEC, corresponding to the band 
gap of its constituent semiconducting polymer, is independent of the thickness of the 
active layer and the selection of electrode materials.38-39 This is in sharp contrast to 
organic PLEDs, which require a low-work-function cathode and a high-work-function 
anode in conjunction with a very thin layer of active material to emit light at a low 
applied voltage.40-41 Compared to PLEDs, PLEC has high EL quantum efficiency, 
because the p- and n-doping process are simultaneous and balance, and equal numbers 
of electrons are holes are automatically injected. 
 
1.2 Conjugated Copolymers Based on Cyclophane 
1.2.1 [2,2]Cyclophanes 
Cyclophanes are a class of compounds which are made of bridged aromatic molecules. 
Because of their cyclic structures, cylcophanes are usually be used as hosts in a 
host-guest system. Cyclophanes have interesting properties as synthetic receptors and 
are preorganized for binding guests of appropriate dimensions. The aromatic groups 
that encircle their binding cavities are often benzene rings, but they can also be 
condensed, and heteroaromatics that impart particular molecular recognition 
properties. The size, shape, charge, hydrophobicity, and π-donor/acceptor properties 
of these cavities are thus synthetically tunable, and so cyclophane hosts have been 
designed for a great variety of molecular guests.43-45
 
[2,2]Cyclophane is a relatively small cyclophane family of structures consisting of 
two benzene rings cyclically interconnected by carbon atoms or chains. The first 
[2,2]cyclophane, which is [2,2]metacyclophane, was prepared by Pellegrin in 1899 
through the method of Wurtz coupling.42 Presently all six possible [2,2]cyclophanes 
now are known. The ‘last’ of these, [2,2]orthoparacyclophane, was first synthesized in 
1992 by Tobe et al.43
1 2 3
4 5 6  
 
[2,2]Orthocyclophane is considered a dibenzocyclooctadiene rather than a typical 
cyclophane, since the properties of [2,2]orthocychophane warrant no particular 
comment, inasmuch neither deformed benzene rings or high-field inner protons are 
observed. 
 
[2,2]Metacyclophane is well suited as a point of departure in the discussion of 
[2,2]phanes. The large assortment of its substitution products serves as ideal model 
systems to investigate benzene ring deformation, statistical and dynamic 
stereochemistry, and intramolecular and transannular steric and electronic effects. 
[2,2]Metacyclophanes are also good model for the study of neighbouring groups, not 
necessarily directly bonded to functional groups, aromaticity of deformed benzene 
rings, transannular cyclizations and so on. The X-ray crystal structure of 
[2,2]metacyclophane reveals molecules with a center of symmetry, alternating axis, 
and a mirror plane. Both halves of the molecule are ordered in the form of steps. 
Because the benzene rings are not planar but distorted into boats, the steric overlap of 
the inner carbon atoms and their attached hydrogens is diminished. The average C-C 
aromatic bond length is 138.6pm, that of the aliphatic bonds is 154.3pm. However, it 
is remarkable that such a strong distortion of the normally planar hexagonal benzene 
ring is not accompanied by substantial changes in the interatomic distances.  
 
[2,2]Paracyclophane is attractive in its structure in which two benzene rings are 
close to each other and cofacial. A number of paracylcophane derivatives have been 
prepared and their physical properties, especially their optical and electronic 
properties due to the characteristic interactions between the two cofacial π-electronic 
systems, have been investigated.48-50 There are two essential characteristics of 
[2,2]paracyclophane: 1) the interaction between the π-electron systems of the two 
benzene-ring planes and 2) the deformation of the benzene rings. These characteristics 
are manifested in transannular directing effects in higher electrophilic substitution, 
neighbouring group effects of the iosmerization and photochemical reactions of 
[2,2]paracyclophanes and their analogues. 
 
1.2.2 Cyclophane Based Copolymers without Linker 
Some polymers having meta- or para-cyclophane in either the main chain50 or the side 
chain have been studied so far. In 1986, Mizogami and Yoshimura reported the first 
synthesis of polymetacyclophane by the polycondesation reaction of an oxidative 
dimmer of 8,16-dihydroxy[2,2]metacyclophane 7, which exhibited a conductivity of 
0.25 Scm-1 by doping with H2SO4 vapor.51 Cyclophane compounds were adopted as a 
basic constituent because they have a strong longitudinal π-electron interaction 
between the two benzene ring separated by a very short interplanar distance and an 
intramolecular mixed-valence interaction,52 which is a necessary condition for 
metallic conductivity in molecular conductors. Mizogami and Yoshimura used 
compound 7 as a starting monomer, which was supposed to be polymerized via 








Para-cyclophanes having the unique through-space interaction were also used to 
explore the optical properties in these systems. For example, in polymer 9, a 
para-[2,2]cyclophane was employed as a core linking with other chromophores. This 
conjugation along the polymer backbone could only be propagated via effective 





1.2.3 Cyclophane Based Copolymers with Linker 
The synthesis of novel π-conjugated polymers has received extensive attention due to 
their unique optical, electrochemical, and nonlinear optical properties. The properties 
of PPVs have been extensively studied and documented,54-57 while PPPs and PPEs, 
e.g., poly(phenyleneethynylene) and poly(phenylenevinylene) have also received 
considerable attention because of their favorable emission characteristics. The 
PPV-type and PPE-type copolymers have been explored in attempts to tune their 
spectral and electrical properties by incorporating various conjugated units into the 
polymer backbone.58,59 [2,2]Paracyclophane seems to be a promising candidate for the 
aryl unit of π-conjugated polymers, and can be valuable in the inquiry of bonding, 
ring strain and π-π electron delocalization in organic molecules. For example, 
polymer 10 were already prepared by Yasuhiro et.al having a [2,2]paracyclophane 






1.3 Project Objective 
In recent years, polyfluorene (PF) and its derivatives are one of the most widely 
investigated PLEDs due to their high efficient blue emission in both PL and EL.60 
However, PF has some drawbacks PF, such as aggregation and/or excimer formation 
in the solid state, in sufficient stability, and high energy barriers for hole injection. 
These drawbacks limit their application in PLEDs. It is indicated that the electronic 
properties of conjugated copolymers are highly dependent on both the structures of 
the active building blocks and the way in which they are linked.61 By molecular 
design through modification of polymer side substituents or backbones, specific 
electronic and optical properties of copolymers can be obtained. It was also found that 
the copolymerization of fluorene with various aryls allow for tenability of electronic 
properties and enhanced thermal stability.62 In particular, copolymers of fluorene are 
thermally very robust and still maintain their blue emission even after thermal 
annealing. 
 
In [n,n]paracyclophanes, two arene units are linked via [n] methylene bridges of 
variable lengths. If n=2 or 3, the bridges are rigid, they possess restricted 
conformational mobility leading to an eclipsed or partially eclipsed arrangement of 
the linked π-systems. It was assumed that methylene bridges with n>3 can prevent 
intramolecular electron transfer between the two aromatic π-systems and this was 
supported by the slow intramolecular electron transfer observed in the 
1,2-diphenylethane radical anion63 and related radical anion systems. 
[n,n]Metacyclophane is focused mainly on its conformation and seldom used in the 
main skeleton of copolymers. Because it has good optical and electronic properties 
through intramolecular reaction, metacyclophane also can be used in the main 
skeleton of copolymers. 
 
Therefore, we design and synthesize novel soluble fluorescent PPE-type 
fluorene-dithia[3,3]para or metacyclophane copolymers and other copolymers which 
also havi dithia[3,3]para or metacyclophane in main skeleton. Para or metacyclophane 
are served as a “regulator” to the backbone of the PPE-type copolymers, of which the 
optical and electronic properties are expected to be altered by introducting 
cyclcophane molecule. Otherwise, all polymers were examined by spectroscopy and 
confirmed their structures. Their properties such as conductivity, absorption and 
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            Chapter 2  Synthesis and properties of paracyclophane 
based copolymer 
 
2.1 Synthetic Scheme for Monomers and Polymers 
 




































































Scheme 2.1 A synthetic route to 5,8-dibromo-15,18-dimethyl-2,11-dithia[3,3]paracylcophane 
and 5,8-dibromo-2,11-dithia[3,3]-(1,4)benzeno(2,5)pyridinophane. Reagents and Conditions: (1) 
NBS, benzoyl peroxide, CCl4, irradiation, reflux; (2) thiourea, NaHCO3, ethanol, reflux; (3) 
NaBH4, ethanol, r.t.; (4) 48% HBr acid, r.t.; (5) 48% HBr acid, CCl4, r.t.; (6) KOH, ehanol, toluene, 
r.t. 
 
The synthetic approach to other monomers, 1,4-diethynyl-2,5-bis(octyloxy)benzene 
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Scheme 2.2 A synthetic route to 1,4-diethynyl-2,5-bis(octyloxy)benzene and 
2,7-diethynyl-9,9-dihexylfluorene. Reagents and Conditions: (1) KOH, n-C8H17Br, DMF, r.t., 
80%; (2) Br2, CH3Cl, r.t.; (3) (PPh3)PdCl2, CuI, trimethylsilyl acetylene, (Et)3N, 70oC, 80%; (4) 
KOH, MeOH/THF, r.t. (5) KOH, n-C6H13Br, H2O/THF, r.t. 
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 Scheme 2.3 A synthetic route to the copolymers. Reagents and conditions: (PPh3)PdCl2, CuI, 
toluene, (Et)3N, 70oC. 
 
2.2 Experimental Details 
2.2.1 Materials 
Solvents, reagents and chemicals were obtained from various chemical companies and 
used directly. 
2.2.2 Characterization Techniques 
Mass spectra of the products were obtained using a micromass 7034E mass spectrometer. Both 1H 
and 13C NMR spectra for the monomers and 1H NMR spectra for polymers were records (in 
chloroform-d or DMSO-d6 solutions) at 300Hz on a DPX-300 NMR. Elemental analysis was 
conducted on a Perkin-Elmer 240C elemental analyzer for C, H, S and N determination. The 
molecular weights of all the synthesized polymers were measured on a Waters 600E HPLC 
System with PhenogelTM M x L and M x M columns (300 mm x 4.6 mm i. d) using polystyrene as 
standards and THF as eluant. The DSC curves of polymers were obtained by running samples on 
the Dupont thermal analyst system. TGA data were collected on a Du Pont Thermal analyst 2100 
system with a TGA 2950 thermogravimetric analyzer in air or nitrogen. UV-Vis spectra were 
recorded in a Shimadzu UV-3101 spectrometer. The PL spectra of the polymers were 
acquired on a Perkin-Elmer LS 50B photoluminescence spectrometer with a xenon 
lamp as light source. 
2.2.3 Experiments Procedure 
1,4-Dibromo-2,5-bis(bromomethyl)benzene (12)22 
7 (2.64g, 10mmol), NBS (3.92g, 22mmol) and a catalytic amount of benzoyl peroxide 
were mixed in CCl4 (100ml). The suspension was refluxed under hυ irradiation for 4h. 
After the reaction mixture was cooled to room temperature, it was extracted with 
CH2Cl2 three times. The organic phase was washed with water and brine and then 
dried over anhydrous sodium sulfate. After filtration and solvent evaporation, the 
residue was recrystallized twice from ethanol to give a white solid as the product. 
Yield: 1.392g (33%). 1H NMR (300MHz, CDCl3): δ=7.64 (s, 2H), δ=4.49 (s, 4H) ppm. 
13C NMR (300MHz, CDCl3): δ=138.96, 135.33, 123.26, 31.45. MS (m/z): 421.8. 
 
1,4-Dibromo-2,5-bis(mercaptomethyl)benzene (13) 
Compound 8 (4.22g, 10mmol) and thiourea (1.67g, 22mmol) were added to ethanol 
(100ml). The reaction temperature was slowly increased and the reactions were 
refluxed for 3h and the solvent was then removed in vacuum. The dithiouronium salt 
was then refluxed with 4% sodium bicarbonate for 2h. The mixture was extracted 
with ether and washed sequentially with water and brine. The combined organic 
extracts were dried over anhydrous sodium sulfate. The solvent was then removed and 
the residue was chromatographed on silica gel using hexane/methanol (100:1) as 
eluent to yield a white solid. Yield: 2.31g (65%). 1H NMR (300MHz, CDCl3): δ=7.56 
(s, 2H), δ=3.77 (d, J=8.3 Hz, 4H), δ=1.99 (t, J=8.2 Hz, 2H) ppm. 13C NMR (300MHz, 
CDCl3): δ=141.13, 133.96, 122.54, 28.75. MS (m/z): 328.2. 
 
2,5-Bis(hydroxymethyl)pyridine (15)23 
A suspension of diethyl 2,5-pyridinecarboxylate (1.95g, 10mmol) in abs EtOH (100ml) 
was stirred and cooled in ice bath as NaBH4 (2.10g, 55mmol) was added slowly. A 
drying tube was placed on the apparatus, and the mixture was stirred at 0oC for 1h. 
The ice bath was removed and the exothermic reaction warmed the mixture to reflux. 
The mixture was stirred at room temperature for 1h, after which it was heated at 
reflux for 12h. Then 30ml actone was added to the mixture and the mixture was 
refluxed for another 3h. The solvent was removed in vacuo. The residue was mixed 
with 100ml of aqueous potassium carbonate and heated to reflux for 1h. The mixture 
was extracted continuously with CHCl3 for 12h. Then the organic extracts were dried 
over anhydrous sodium sulfate. The mixture was chromatographed on silica gel using 
CH2Cl2/CH3OH(50:1) as eluent to yield a colorless oil. Yield: 1.22g (88%). 1H NMR 
(300 MHz, CDCl3): δ=8.38 (s, 1H), δ 7.81 (d, 1H, J=7.65 Hz ), δ=7.45 (d, 1H, J=8.01 
Hz ), δ=4.80 (s, 2H), δ=4.67 (s, 2H), δ=4.62 (s, 2H) ppm. 13C NMR (300 MHz, 
CDCl3): δ= 153.5, 149.3, 135.4, 129.6, 123.3, 68.1, 65.0. MS (m/z): 138.1 
 
2,5-Bis(bromomethyl)pyridine (16)23 
2,5-Bis(hydroxymethyl)pyridine(2.78, 20mmol) was cooled in an ice-bath and treated 
with a solution of HBr in glacial HOAc(30%, 30ml) and stirred at room temperature 
for 3 days. Diluted KOH (25%, 50ml) was then added slowly. The mixture was 
extracted with dichloromethane (3x100ml). The extracts were washed with water 4 
times and dried with sodium sulfate. The solvent was removed under reduced pressure 
to leave a brown solid. The crude product was chromatographed on silica gel using 
CH2Cl2 as eluent to give 2,5-bis(bromomethyl)pyridine as a colorless crystal. Yield: 
1.84g (35%). 1H NMR (300 MHz, CDCl3): δ 8.58 (d, 1H, J=2.01 Hz), δ 7.73 (dd, 1H, 
J=2.4 Hz, J=8.03 Hz), δ 7.34 (d, 1H, J=8.04 Hz), δ 4.54 (s, 2H), δ 4.46 (s, 2H) ppm. 
13C NMR (300 MHz, CDCl3): δ=156.72, 149.51, 137.76, 133.06, 123.46, 33.09, 29.00. 
MS (m/z): 264.9. 
 
1,4-Bis(bromomethyl)-2,5-dimethylbenzene(18) 
To a solution of 48% HBr(95ml, 0.57mol) were added paraformaldehyde(7.65g, 
25mmol) and p-xylene(15.20ml, 12mmol). After 24h of stirring at reflux, a white 
precipitate formed. The precipitate was filtered to yield crude product. 
Recrystallization from CCl4 gave white needles. Yield: 23.36g (80%). 1H NMR (300 
MHz, CDCl3): δ=7.13 (s, 2H), δ=4.46 (s, 4H), δ=2.36 (s, 6H) ppm. 13C NMR (300 
MHz, CDCl3): 136.4, 135.2, 132.4, 31.7, 18.2. MS (m/z): 290. 
 
5,8-Dibromo-15,18-dimethyl-2,11-dithia[3,3]paracylcophane (20a) 
A solution of 13 (0.98g, 3.0mmol) and 18 (0.876g, 3.0mmol) in toluene was added 
dropwise with vigorous stirring to a solution of KOH (1.68g, 30mmol) in 95% ethanol 
(1L). After the addition was completed, the reaction mixture was stirred for an 
additional 24h at room temperature. The solvent was removed under reduced pressure 
and the crude product was dissolved in chloroform. The organic solution was washed 
with water and then dried over anhydrous sodium sulfate. After the solvent was 
removed, the residue was chromatographed on silica gel, using 
hexane/dichloromethane (3:1) as eluent, to afford 16a and 16b as a white solid. 
Recrystallization of the mixture in toluene gave pure 16a. Yield: 0.824g (65%). 1H 
NMR (300 MHz, CDCl3): δ=7.42 (s, 2H), δ=6.89 (s, 2H), δ=4.02 (d, J=15 Hz, 2H), 
δ=3.73 (s, 4H), δ=3.58 (d, J=18Hz, 2H), δ=2.29 (s, 6H) ppm. 13C NMR (300 MHz, 
CDCl3): δ= 136.43, 133.99, 133.51, 133.03, 131.42, 123.40, 36.09, 35.86, 18.67. MS 
(m/z): 457.9. Anal. Calcd. For C18H18Br2S2: C, 47.18; H, 3.96; Br, 34.87; S, 13.99. 
Found: C, 47.31; H, 4.08; Br, 34.68; S, 13.93. 
 
5,8-Dibromo-2,11-dithia[3,3]-(1,4)benzeno(2,5)pyridinophane (19a and 19b) 
A solution of 13 (0.98g, 3.0mmol) and 16 (0.395, 3mmol) in degassed toluene was 
added to a degassed solution of KOH (1.68g, 30mmol) in 95% ethanol (1L). After the 
addition was complete, the reaction mixture was stirred under nitrogen protection for 
an additional 20h at room temperature. The reaction solvent was evaporated in vacuo. 
The residue was dissolved in chloroform and washed by water. The organic phase was 
removed by reduced pressure and the crude product was chromatographed on silica 
gel, using dichloromethane/actone (10:1) as eluent to obtain the desired product 15a 
and 15b as a yellow solid mixture. Yield: 0.711g (55%). 1H NMR (300 MHz, CDCl3): 
δ=8.38-7.14 (m, 10H, H at benzene ring and pyridine ring of 19a and 19b), 
δ=4.33-3.51 (m, 16H, CH2 at the bridge of 19a and 19b) ppm. MS (m/z): 431. Anal. 
Calcd. For C15H13Br2NS2: C, 41.78; H, 3.04; Br, 37.06; N, 3.25; S, 14.87. Found: C, 
42.03; H, 3.26; Br, 36.71; N, 2.99; S, 15.01. 
 
1,4-Bis(octyloxy)benzene (22) 
The mixture of hydroquinone (0.88g, 8 mmol), potassium carbonate (5.5 g, 40 mmol), 
100 mL of DMF, and 1-bromooctane (3.5 g, 18 mmol) was stirred for 5 h at 80 "C. It 
was poured into water and extracted with ethyl acetate. The organic layer was dried 
over anhydrous magnesium sulfate and the solvent was removed under reduced 
pressure. The residue was recrystallized from ethanol to give white crystals as the 
product. Yield: 2.14g (80%). 1H NMR (300 MHz, CDCl3): δ=6.82 (s, 4H), δ=3.89 (t, 
J=6.0 Hz, 4H), δ=1.80-1.70 (m, 4H), δ=1.44-1.29 (m, 20H), δ=0.91-0.87 (m, 6H) ppm. 
13C NMR (300 MHz, CDCl3): δ=153.20, 115.40, 68.68, 31.78, 29.38, 29.35, 29.20, 
26.03, 22.61, 14.03. MS (m/z): 334.2. 
 
1,4-Dibromo-2,5-bis(octyloxy)benzene (23) 
A dilute solution of Br2 (6.68g, 13ml) in 100ml chloroform was added slowly to a 
solution, which was cooled in an ice bath, of 22 (6.68g, 20mmol) in chloroform. After 
the addition was completed, the reaction mixture was stirred at room temperature 
overnight. Then the mixture was neutralized with excess of NaOH solution and 
extracted with chloroform. After the organic phase was removed under reduced 
pressure, the residue was recrystallized from ethanol to give colorless crystal as the 
expected product. Yield: 7.87g (80%). 1H NMR (300 MHz, CDCl3): δ=7.08 (s, 2H), 
δ=3.94 (t, J=6.0 Hz, 4H), δ=1.81-1.76 (m, 4H), δ=1.58-1.20 (m, 20), δ=0.90-0.86 (m, 
6H) ppm. 13C NMR (300 MHz, CDCl3): δ=150.11, 118.58, 111.17, 70.24, 31.73, 
29.90, 29.36, 29.19, 25.89, 22.58, 14.00. MS (m/z): 492.3. 
 
1,4-Bis[(trimethylsilyl)ethylny]-2,5- bis(octyloxy)benzene (24) 
A solution of trimethylsilyl acetylene (1.08g, 11mmol) was slowly added to a solution 
of 23 (2.46g, 5mmol), (Ph3P)2PdCl2 (0.175g, 0.25mmol), CuI (0.047g, 0.25mmol) in 
triethylamine (50ml) under nitrogen at room temperature. The reaction mixture was 
then stirred at 70oC for 8h. The solvent was then removed by vacuum and the residue 
was chromatographed on silica gel using hexane as eluent to obtain the product as a 
yellow solid. Yield: 1.63g (62%). 1H NMR (300 MHz, CDCl3): δ=6.89 (s, 2H), 
δ=3.94 (t, J=7.5 Hz, 4H), δ=1.81-1.76 (m, 4H), δ=1.49-1.28 (m, 20H), δ=0.90-0.86 
(m, 6H), δ=0.25 (s, 9H) ppm. 13C NMR (300 MHz, CDCl3): δ=151.42, 118.33, 112.31, 
106.41, 98.02, 68.32, 31.82, 29.42, 29.36, 29.14, 26.24, 22.28, 14.26. MS (m/z): 526 
 
1,4-Diethynyl-2,5- bis(octyloxy)benzene (25) 
An aqueous KOH solution (6ml, 20%) was diluted with methanol (25ml) and added to 
a stirred solution of 24 (2.63g, 5mmol) in THF (50ml). The mixture was stirred at 
room temperature for 2h and extracted with hexane. The organic phase was washed 
with water and dried over sodium sulfate. The crude product was chromatographed on 
silica gel using as hexane as eluent to give the desired product as a light yellow solid. 
Yield: 1.69g (85%). 1H NMR (300 MHz, CDCl3): δ=6.95 (s, 2H), δ=3.96 (t, J=6.0, 
4H), δ==3.32 (s, 2H), δ=1.81-1.77 (m, 4H), δ=1.49-1.29 (m, 20H), δ=0.91-0.86 (m, 
6H), δ=0.28 (s, 18H) ppm. 13C NMR (300 MHz, CDCl3): δ=150.08, 117.96, 111.54, 
83.14, 80.26, 67.62, 32.02, 29.72, 29.666, 29.34, 25.84, 22.48, 14.66. MS (m/z): 382. 
 
2,7-Dibromo-9,9-dihexylfluorene (27)25 
A solution of 1-bromohexane (12.74g, 77mmol) in DMSO (10ml) was added to a 
mixture of 2,7-dibromofluorene (10g, 31mmol), a catalytic amount of 
triethylammonium chloride and 50% aqueous NaOH (12ml) in DMSO (50ml). The 
reaction mixture was cooled to room temperature and stirred for 6h. The reaction 
mixture was diluted with excess CH2Cl2 and then washed with water for 3 times. 
After the organic solvent was removed under reduced pressure, the residue solid was 
recrystallized in ethanol to give colorless crystals as pure product. Yield: 26.5g (70%). 
1H NMR (300 MHz, CDCl3): δ=7.50-7.46 (m, 4H), δ=7.44-7.43 (m, 2H), δ=1.93-1.88 
(m, 4H), δ=1.16-1.03 (m, 12H), δ=0.75 (t, J=7.0 Hz, 6H), δ=0.60-0.58 (m, 4H) ppm. 
13C NMR (300 MHz, CDCl3): δ=152.52, 139.03, 130.11, 126.13, 124.42, 121.09, 
55.65, 40.15, 31.42, 29.53, 23.60, 22.53, 13.94. MS (m/z): 492. 
 
9,9-Dihexyl-2,7-bis[(trimethylsilyl)ethylny]fluorene (28)26 
A solution of trimethylsilyl acetylene (1.08g, 11mmol) was slowly added to a solution 
of 27 (2.46g, 5mmol), (Ph3P)2PdCl2 (0.175g, 0.25mmol), CuI (0.047g, 0.25mmol) in 
triethylamine (50ml) under nitrogen at room temperature. The reaction mixture was 
then stirred at 70oC for 8h. The solvent was then removed under reduced pressure and 
the residue was chromatographed on silica gel using hexane as eluent to obtain 
product as a yellow solid. Yield: 1.84g (70%). 1H NMR (300 MHz, CDCl3): δ=7.58(d, 
J=7.3, 2H), δ=7.45 (dd, J=8.0 Hz, 1.0 Hz, 2H), δ=7.41 (s, 2H), δ=1.95-1.90 (m, 4H), 
δ=1.13-1.01 (m, 12H), δ=0.76 (t, J=7.0 Hz, 6H), δ=0.53-0.51 (m, 4H), δ=0.27 (s, 18) 
ppm. 13C NMR (300 MHz, CDCl3): δ=150.91, 140.81, 131.18, 126.18, 121.73, 119.76, 
106.06, 94.21, 55.19, 40.31, 31.49, 29.64, 23.58, 22.56, 13.92. MS (m/z): 526.3 
 
2,7-Diethynyl-9,9-dihexylfluorene (29)27
An aqueous KOH solution (6ml, 20%) was diluted with methanol (25ml) and added to 
a stirred solution of 28 (2.63g, 5mmol) in THF (50ml). The mixture was stirred at 
room temperature for 2h and extracted with hexane. The organic phase was washed 
with water and dried over sodium sulfate. The crude product was chromatographed on 
silica gel using as hexane as eluent to give the desired product as a thick oil. Yeild: 
1.63g (85%). 1H NMR (300 MHz, CDCl3): δ=7.63 (d, J=7.7 Hz, 2H), δ=7.47 (dd, 
J=7.7Hz, 1.4 Hz, 2H), δ=7.45 (s, 2H), δ==3.15 (s, 2H), δ=1.96-1.90 (m, 4H), 
δ=1.14-1.01 (m, 12H), δ=0.76 (t, J=7.0 Hz, 6H), δ=0.58-0.53 (m, 4H) ppm. 13C NMR 
(300 MHz, CDCl3): δ=151.02, 140.95, 131.21, 126.51, 120.81, 119.92, 84.49, 55.17, 
40.19, 31.44, 29.58, 23.62, 22.52, 13.91. MS (m/z): 382. 
 
General procedure for the preparation of polymers  
A mixture of 29 (0.96mg, 0.25mmol) or 25 (96mg, 0.25mmol), monomer 20a 
(0.25mmol) or 19a(b) (0.25mmol), (Ph3P)2PdCl2 (18mg, 0.025mmol) and CuI (14mg, 
0.025mmol) were added to degassed toluene (7ml) and triethylamine (3ml). The 
mixture was vigorously stirred at 70oC for 24h under nitrogen. After the mixture was 
cooled to room temperature, it was extracted with chloroform. The combined organic 
extracts were poured slowly into cold methanol. The precipitated solid was washed 
with methanol, water and methanol successively. The product was further washed 
with acetone in a Soxhlet apparatus for 24h to remove oligomers and catalyst residues. 
The polymer was then dried under a vacuum at room temperature. 
 Poly[9,9-dihexylfluoren-2,7-yleneethylene-co-15,18-dimethyl-2,11-dithia[3,3]para
cyclophane-5,8-diyl] 
Yield: 73 mg (42%). 1H NMR (300 MHz, CDCl3): δ=7.82-7.53 (br, H at fl-ring), 
δ=6.94-6.91 (br, H at ph-ring), δ=3.83 (br, H at ph-CH2-ph), δ=2.3 (br, H of Me group 




Yield: 56 mg (34%). 1H NMR (300 MHz, CDCl3): δ=8.41 (H at py-ding). δ=8.15 (H 
at py-ring) δ=7.70-7.31 (br, H at ph-ring and fl-ring), δ=4.22-3.48 (br, H at 




Yield: 70 mg (41%). 1H NMR (300 MHz, CDCl3): δ=7.42 (br, H at ph-ring), 
δ=6.93-6.86 (br, H at ph-ring), δ=4.04-3.73 (br, H at ph-CH2-ph and -OCH2-), δ=2.31 




Yield:  64 mg (39%). 1H NMR (300 MHz, CDCl3): δ=8.40 (H at py-ring), δ=7.92 (H 
at py-ring), δ=7.01 (br, H at ph-ring), δ=4.3 (br, H at ph-CH2-ph and -OCH2-), δ=1.81 
(br), δ=1.26-0.88 (m). 
 
2.3 Ressults and Discussion 
2.3.1 Synthesis of Monomers and Polymers 
The synthetic approach to the monomer 19 and 20, and their corresponding polymers 
30, 31, 32, 33 are shown in the schemes. The starting material 1,4- dibromo- 2,5- 
dimethylbenzene 11 underwent free radical bromination under hυ irradiation to yield 
compound 121 and in the reaction NBS, which was recrystallized from acetone before 
the reaction, was used as the brominated reagent. Compound 12 was then reacted with 
thiourea followed by base hydrolysis to result its dimercaptan 132. The compound 153 
was obtained by reducing diethyl 2, 5-pyridinecarboxylate 14 with NaBH4 in absolute 
ethanol. The diol 15, which can be mixed with water in any volume, should be 
extracted with chloroform continuously for more than 12h. The 
2,5-bis(bromomethyl)pyridine 16 was prepared by replacing the OH functional group 
of relative diol 15 with HBr acid. Compound 16 is very sensitive to O2 and 
decomposed easily in the open air. At room temperature, the color of compound 16 
was turned into cardinal red quickly and even stored in refrigerator, compound 16 
would also be decomposed gradually with the color turning red. Therefore, compound 
16 should be better used immediately after purification by column chromatography. 
The bromomethylation of 1,4-dimethylbenzene using a general beomomethylation 
procedure of aromatic compounds provided 18.4,5 A coupling reaction between 13 and 
16 or 18 under high dilution conditions6 was carried out in a mixture of toluene and 
95% ethanol in the presence of excess KOH at room temperature. The corresponding 
tetrasubstituted dithia[3,3]paracyclophanes were isolated after column 
chromatography and recrystallization. The isomer 19a and 19b could not be isolated 
because of their similar polarity and steric energy. The isomers 19a and 19b have 
exactly the same Rf values. In the experiments, a mixture of dithia[3,3]cylcophanes 
19a and 19b obtained was obtained. On the hand, both the isomer 20a and 20b could 
be formed in the coupling reaction. A preference of 20a is expected on the basis of 
their relative steric energies where transannular eclipse interactions in 20b are 
expected to be less favorable. The isomer 20a was experimentally isolated as a main 
product irrespective of the electronic and/or steric nature of substitutents. In fact, the 
ratio of 20a to 20b was estimated to be 4:2.  
 
Hydroquione 21, which was treated with a base in DMF solution, was reacted well 
with 1-bromooctane to get the expected compound 22. Bromination of compound 22 
using liquid bromine directly was to get the dibromo-compounds of 22, 1, 4- 
dibromo- 2,5- bis(octyloxy)benzene 23. Through the Sonagashira coupling reaction, 
compound 23 was then reacted with trimethylsilyl acetylene to get 1,4-bis 
[(trimethylsilyl)ethylny]-2,5-bis(octyloxy)benzene 24. Compound 24 was hydrolyzed 
in THF/H2O solution under basic conditions to yield one of the monomers, 
1,4-diethynyl-2,5- bis(octyloxy)benzene 25. 
 
2,7-Dibromofluorene 26 was treated with KOH in DMSO solution to obtain 
compound 27, which was achieved in high yield. The key monomer 
2,7-diethynyl-9,9-dihexylfluorene 29 as well as compound 25, were also prepared 
from a palladium(II)-catalyzed Sonagashira cross-coupling reaction between 27 and 
trimethylsilyl acetylene followed by subsequent removal of the trimethylsilyl 
protecting group upon base treatment.7
 
The palladium-catalyzed cross-coupling condensation reactions8 leading to the 
PPE-type copolymers 30-33 proceeded well between the tri-bond compound and the 
brominated cyclophane. As palladium (II), which is stable in the air, was used as the 
catalyst in the reaction, the polymerization procedure could undergo smoothly under 
mild conditions. The copolymers were isolated in the yields of 34%-42% and all 
appeared yellow with different shade of color.  
 
2.3.2 Structural Characterization 
The structures of all the monomers and polymers prepared in our work were mainly 
characterized by 1H NMR spectroscopic and 13C NMR. For the monomer 20 of the 
paracyclophane, two kinds of nonequivalent benzylic protons appear at δ 4.04 to 3.56 
as two separate sets of AB quartets in the 1H NMR spectra. Their benzylic carbons are 
also resolved into two signals at 36 and 38 ppm in the 13C NMR. The remaining 
resonance at δ 2.3 can be correlated to the proton of methyl functional group attached 
to cyclophane. The other paracyclophane 19 is a mixture of its two isomers. The two 
isomers cannot be isolated because of their similarity in polarity. The signals at δ 8.02 
and 8.42 correspond to the proton at pyridine ring. The 1H NMR of compound 19 also 
clearly shows that there are two groups of AB quartets attributed to benzylic and 
pyridyl methylene protons. The other two tri-bonded monomers 29 and 25 displayed 
the characteristic acetylene proton at δ 3.15 and 3.32 respectively. Furthermore, 
compounds 19, 20, 25, 29, which were for polymerization, all show molecular ion 
peaks in their respective mass spectra. 
 
1H NMR spectra of the polymers were obtained by dissolving them in d-chloroform at 
room temperature. The most characteristic feature of the polymers spectra are their 
broad signals with little or no splitting. From the spectra of respective monomer and 
polymer, it is clear that the dithiacyclophane ring structure remains intact in the 
polymer backbone under the polymerization conditions. In the 1H NMR spectrum of 
polymer 30, the signals appearing in the range of δ 7.70-7.50 correspond to those in 
fluorene rings while those at δ 7.42 and 6.92 are assigned to protons in the 
paracyclophane. The multiplets at δ 4.36 - 3.62 are characteristic of benzylic protons 
of dithiacylcophane. The signal at δ 2.3, which is expected to be the protons of methyl 
group on cyclophane ring and a sharp peak, appeared to be a broad peak in the 
polymer spectrum. In the spectrum of polymer 32, the signals at δ 7.52-6.86 
correspond to the protons at the benzene rings. The splitting sharp peaks of benzylic 
protons of cyclophane in the spectrum of monomer merged to be broad peaks 
appearing at δ 4.58-3.88 in the polymer spectrum as well as the peak appeared at δ 2.3. 
Similarly, the spectra of polymer 31, 33 showed the same phenomena compared with 
their monomers’ spectra. The loss of peak splitting in all of the resonances is believed 
to result from the different carbon environments along the polymeric chain. 
 
2.3.3 Molecular Weight Distribution 
The molecular weights of the polymers were measured by means of gel permeation 
chromatography (GPC) using THF as an eluent and polystyrene as the standard. 
Differing from small molecules where the molecular weight in a sample is uniform, 
polymer samples are composed of macromolecules with varying molecular chain 
length. Hence, a distribution of molecular weights is expected. The number-average 
molecular weights (Mn), weight-average molecular weights (Mw) and polydispersity 
of polymer 30-33 are shown in Table 2.1.  
Table 2.1 Molecular Weights of Polymers 30-33 
Polymer Mn Mw PDI 
30 141,332 218,830 1.55 
31 133,102 213,214 1.60 
32 143,708 217,345 1.51 
33 140,035 214,982 1.54 
 
he isolated polymer was thus found to have relatively high molecular weights. This T
could be a result of the high efficient Songashira reaction. The narrow range of PDI of 
these polymers showed that the low molecular weight molecule was removed by 
Soxhlet extraction. 
 
2.3.4 Thermal Analysis 
 the polymers were studied in a nitrogen atmosphere over a 
Table 2.2  TGA data for polymer 30-31 
Polym osition (TGA oC) 
The thermal stabilities of
range of room temperature up to 800oC by the TGA (thermogravimetric analysis) 
method. The onsets of decomposition of polymers 30-33 are shown in Table 2.2 
 






bservation from the TGA curves indicated that these polymers showed one step O
weight loss. The onset degradation temperatures are from 292-321 with 5% weight 
loss in nitrogen, which indicated these polymers were not thermally stable. The poor 
thermal stability of polymers 30-33 might be attributed to the cleavage of C-S bonds, 
which are unstable of the sulfur bridge of paracyclophane. About 60% residue of 
polymers 30 and 31 and 45% residue of polymers 32 and 33 were left after the 
temperature was raised to temperature 800oC due to the non-decomposed polymer 
backbone.  
 The thermal induced phase transition behavior of polymers was also investigated with 
.3.5 Electrochemical Properties 
 HOMO and LUMO energy levels of the polymer 
igure 3.1 depicts the CV curves of both the p-doping and n-doping processes of 
DSC in a nitrogen atmosphere at a heating rate of 20oC/min while the polymers 30-33 
did not show obvious Tg. This might be attributed to the high molecular weight and 
the backbones of these polymers are more winding. 
 
2
The redox properties as well as the
were investigated in an electrolyte (0.1 mol/l solution of tetrabutyl ammonium 
perchlorate [BuNClO4] in anhydrous acetonitrile) by cyclic voltammetry.9 Cyclic 
voltammetry of polymer films was conducted using a single-compartment, three 
electrode cell comprising a platinum working electrode with the polymer spin-coated 
on it, a platinum counter electrode and a silver quasi-reference electrode using a 
HB-105 Hokuto Denko Ltd. arbitrary function generator and HA-501 Hokuto Denko 
Ltd. Potentiostat. The polymer film, dip-coated onto the Pt-electrode, were scanned 




polymer 30 on a representative sample and this figure clearly indicates the film of 30 
showed irreversible n-doping and p-doping processes. On sweeping the polymer 
anodically, the onset of an oxidation process of the polymer was observed at 1.68 V 
(VS quasi-reference electrode, 0.68 V pulsed) with an oxidation peak at 2.20 V. In a 
cathodic scan, the onset potential for reduction is -1.24 V and the reduction peak at 
-2.05V. The absolute value of p-doping is obviously larger than that of n-doping 
because conducting polymers are rich in π electrons and could be readily oxidized 
.10-11
 















        Figure 2.1 A cyclic voltammogram of Polymer 30. 
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Figure 2.2 A cyclic voltammogram of Polymer 31. 
 

















Figure 3.3 A cyclic voltammogram of Polymer 32. 
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Figure 2.4 A cyclic voltammogram of Polymer 33. 
 
The onset potentials of n-doping and p-doping processes could in principle be used to 
estimate the HOMO and LUMO energy levels of a conjugated polymer. According to 
the equations reported by De Leeuw and co-workers.12-13
ELUMO = - [Ered(onset VS. SCE) + 4.39 eV] 
EHOMO = - [Eox(onset VS. SCE) + 4.39 eV] 
 
Table 2.3 p-doping and n-doping characteristics of the polymer 30-33 
p-doping (V) n-doping (V) Energy levels (eV) Band gap 
Polymer 
Eonset Eonset HOMO LUMO (eV) 
30 1.68 - 1.24 - 6.07 - 3.15 2.92 
31 1.78 - 1.42 - 6.17 - 2.97 3.20 
32 1.73 - 1.43 - 6.12 - 2.96 3.16 
33 1.49 - 1.44 - 5.88 - 2.95 2.93 
 Ered(onset VS. SCE) and Eox(onset VS. SCE) are the onset potentials for the oxidation and 
reduction of the polymer versus the reference electrode, respectively. The observed 
onset potential for reduction, onset potential for oxidation, the estimated bandgap as 
well as the estimated the HOMO and LUMO energy levels of the polymers 30-33 are 
tabulated in Table 3.3. From the cyclic voltammetric study of the polymers, the 
bandgap of polymers 30-33 were estimated to be 2.92-3.20 eV. 
 
2.3.6 Optical Properties 
The optical properties of the polymers are investigated by UV-vis and 
photoluminescence (PL) spectroscopies and the spectra are given in Figure 
2.5–Figure 2.8. 
 



























Figure 2.5 UV-Vis and PL spectra of Polymer 30 



















































Figure 2.7 UV-Vis and PL spectra of Polymer 32 

























Figure 2.8 UV-Vis and PL spectra of Polymer 33 
 
The absorption and photoluminescence spectra of polymer 30 and 31 are similar and 
shown in Figure 2.4 and Figure 2.5, using spectra of polymer 30 as an example. With 
the wavelength range of 260-650 nm where UV absorption and photoluminescence 
are observed, absorption spectrum shows a λmax at 383 nm. The PL spectrum shows 
the maximum photoluminescence appearing at λ =428 nm with a small shoulder at 
about 460 nm. Similarly, the spectra of polymer 32 and 33 are comparable in the same 
manners and polymer 32 is used as an example. The UV and PL spectra of polymer 
32 show its maximum absorption and emission are at λ =411 nm and λ =462 nm 
respectively. The PL spectrum of polymer 32 also shows the shoulder peak, which is 
at about 414 nm and 484 nm. In general, the polymer appears to exhibit well-defined 
side peaks, which is a result of vibronic coupling of excitons indicating that the 
polymer has a rigid and well-defined structure. The optical properties of polymers 
30-33 are summarized in Table 2.4 
 










30 383 450 428 0.13 
31 380 447 427 0.11 
32 411 472 462 0.09 
33 418 480 471 0.02 
 
Fluorescence quantum yields (Φ) were also measured by using a Perkin Elmer LS 
50B Luminescence Spectrometer at room temperature. Values are calculated 
according to the equation, where Φunk is the fluorescence quantum yield of the sample, 
φstd is the quantum yield of the standard (1x10-5 M quinine sulfate in 0.1 M sulfuric 
acid solution, φstd =0.55), Iunk and Istd are the integrated emission intensities of the 
sample and standard, respectively, Aunk and Astd are the absorbances of the sample and 
the standard at the excitation wavelength respectively, and the ηunk and ηstd are the 
refractive indexes of the corresponding solutions (pure solvents were assumed to have 
ηwater=1, ηchloroform=1.44)14. 
 
Φunk = φstd ( Iunk/Aunk) (Astd/Istd) (ηunk/ηstd) 
 
3.4 Discussion  
Among the reported paracyclophane-containing PPE type polymers, a selective list of 
samples, such as polymers A115 (reference polymer) and A216 are used to compare 
with the properties obtained for polymers 30 and 31, while A317 (reference polymer) 
and A418 are used to compare with polymers 32 and 33 in our work, as displayed in 












Table 2.4 A comparison of polymers 30, 31 and other related polymers 







30 141,332 218,830 1.55 326 383 428 
31 133,102 213,214 1.60 321 380 427 
A1 44,800 82,800 1.84 382 379 423 
A2 18,500 48,000 2.6 - 372 412 
 
The polydispersities of polymers 30 and 31 are estimated to be 1.55 and 1.60, a rather 
low value indicating that the molecular weight distribution is narrow with 
approximate polymeric chain lengths. Because of their high molecular weights the 
solubility of polymers 30 and 31 is not very good. However, the polymers are slightly 
soluble in hot toluene. The solubility of polymers is much dependent on the nature of 
the side chains. It could be expected that the solubility of these polymer could be 
improved much with the replacement of longer side chains. The PPE-type copolymers 
30 and 31 showed inferior thermal stability to the reference polymer A1 (382 oC) due 
possibly to the desulphurization of the dithiaparacyclophane moiety. It is expected to 
get higher decomposition temperature after the sulfur extraction from 
dithiacyclophane to cyclophane is done.  
 
From the data of CV, the onset of the oxidation process for 30 and 31 varied in the 
range of +1.68 to +1.78 V, which is higher than that of polymer A1 (+1.42 V). 
Similarly, polymers 30 and 31 exhibited a higher onset of n-doping waves at -1.24 V 
and -1.42 V than their reference A1 (-1.80 V). The HOMO energy level of the 
reference copolymer A1 is -5.81 eV, which is higher than those of polymers 30 (-6.07 
eV) and 31(-6.17 eV). The LUMO energy level of polymer A1 is -2.59 eV, which is 
also higher than those of 30 (-3.15 eV) and 31 (-2.97 eV). The bandgap of polymers 
30 and 31 are both smaller than that of the reference polymer A1. This may contribute 
to the inter-molecule reaction. The CV data of these two polymers indicate that the 
transannular π-π interaction between the two cofacial aromatic rings is strong for 
polymers 30 and 31. 
 
In general, the polyfluorenes (PFs) have less freedom of chemical modification, since 
the only available possibility of remote functionalization is at the C-9 position and 
any other position of the fluorene unit is difficult for performing conventional 
chemical modifications. Therefore, in the case of PFs, variation of the emission color 
(peak emission maxima at around 430 nm) is possible via the substitution pattern at 
9-position of the fluorene unit and/or via the change of comonomer.19-21 Introduction 
of the dithia[3.3]paracylcophane moieties and going from PPE-type polymer A1 to 
polymers 30 and 31 does not result in any appreciable shift in either the absorption or 
the emission of polymers 30 and 31. The emission of polymers 30 amd 31 is only a 
few nm red shifts, which are 4 nm and 5 nm of polymers 30 and 31 respectively 
compared with polymer A1. So the introduction of the electron rich system of 
paracylcophane does not change much of the optical properties of PPE- type polymer 
than benzene moiety even though paracylcophane might have an extended 
transannular conjugation. In comparison with the reported polymer A2, which is the 
[2.2]paracyclophane-based polymer and exhibits a strong blue emission with the peak 
at 412 nm, the emissions of polymers 30 and 31 were red-shifted by 16 nm and 15 nm. 
This might be attributed to stronger extension of π-conjugation via the through-space 










Table 2.5 A comparison of polymers 32, 33 and other related polymers 







32 143,708 217,345 1.51 301 411 462 
33 140,035 214,982 1.54 292 418 471 
A3 24,400 - - 400 414 474 
A4 8,000 14,000 1.8 - 319 384 411 483 
 
Due to the existence of C-S bonds of dithiaparacylcophane, the stability of polymers 
32 and 33 are not very good. The temperatures of decomposition of polymers 32 and 
33 are 301 oC and 292 oC, which are much lower than the reference polymer A3 (400 
oC). As the reason mentioned for the polymer 30 and 31, the solubilities of polymer 
32 and 33 are the still could be improved by increasing the length of side chains 
which are linked to the benzene ring. 
 
The introduction of [3,3]dithiaparacyclophane (polymer 32 and 33) replacing the 
benzene (polymer A3) in the backbone of this type of PPE copolymer does not show 
obvious absorption or emission changes. The spectra of UV and PL of polymers 32 
and 33 are only several shifts compared with polymer A3. Otherwise, the reported 
[2,2]paracyclophane-based polymer A4, exhibited strong blue fluorescence in solution 





In conclusion, four novel PPE-type conjugated polymers (30-33) with intact 
dithia[3.3]paracyclophane moiety in the backbone were prepared. It shows desired 
structure results on the basis of spectroscopic analysis under the polymerization 
condition of Sonogashira coupling reaction. The existence of C-S bonds, which 
bridged the paracyclophane reduces thermal stabilities of the polymers, due to the low 
decomposition of the C-S bonds. These polymers have a large band gap which is 
inappropriate for organic conducting materials. The PL study of these polymer shows 
that all of them can exhibit blue light but there are no many changes compared with 
the polymer without paracyclophane moiety. It might attribute to the a bit weaker 
transannular reaction of [3,3]cyclophane than that of [2,2]cyclophane. It is expected to 
obtain the improved optical properties after desulphurization of dithia[3,3] 
paracylcophane is complete.  
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 Chapter 3   Synthesis and Properties of Metacyclophane  
Based Copolymer 
 
3.1 Synthetic Scheme for Monomer and Polymers 
The synthetic approach to one of the starting monomer, 6,15-dibromo-2,11-dithia [3,3] 


































Scheme 3.1 A synthetic route to 6,15-dibromo-2,11-dithia [3,3] metacyclophane. 
Reagents and conditions: (1) 48% HBr acid, DMSO, r.t; (2) [i] 37% HCl acid, NaNO2, 
ice bath.; [ii] 50% H3PO2, r.t. (3) NBS, CCl4, hυ, reflux; (4) [i] thiourea, ethanol, 
reflux; [ii] KOH, H2SO4, reflux and r.t.; (5) KOH, ethanol/toluene. 
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Scheme 3.2 A synthetic route to the copolymers. Reagents and conditions: 
(PPh3)PdCl2, CuI, toluene, (Et)3N, 70oC, N2. 
3.2 Experimental Details 
4-Bromo-2,6-dimethylbenzenamine (35)7 
To a stirred solution of 2,6-dimethylbenznamine(19.6g, 162mmol) in DMSO(150ml) 
was added 200ml of  48% aqueous HBr dropwise. The reaction was monitored by 
TLC. The mixture was stirred for 6h at room temperature and 50% NaOH solution 
was added in. The mixture was extracted with dichloromethane. The organic extracts 
were washed with water and then dried over sodium sulfate. The crude product was 
recrystallized from hexane for 2 times to give pure product as colorless crystal. Yield: 
24.1g (74.1%). 1H NMR (300 MHz, CDCl3): δ=6.99 (s, 2H), δ=3.42 (s, 2H), δ=2.07 
(s, 6H) ppm. 13C NMR (300 MHz, CDCl3): δ=141.75, 130.53, 123.59, 109.43, 17.39. 
MS (m/z): 198.9. 
 
1-Bromo-3,5-dimethylbenzene (36)8 
To a suspension of 4-bromo-2,6-dimethylbenzenamine(31g, 155mmol) in 200ml 
water was added 140ml concentrated hydrochloric acid . The mixture was heated to 
reflux for half an hour and then cooled to 0oC. To this suspension a solution of sodium 
nitrite (12.8g, 186mmol) in 80ml water was added dropwise. The temperature was not 
allowed to exceed 5 oC. To the resulting solution of diazonium salt 25ml of 49% 
hypophosphorous acid was added in a dropwise manner also. After the addition was 
complete, the reaction mixture was allowed to warm gradually to room temperature 
and stand overnight. The product mixture was extracted with dichloromethane. The 
organic extracts were washed with saturated sodium bicarbonate solution for 3 times 
and then dried by anhydrous sodium sulfate. The solvent was removed under reduce 
pressure. The residue was chromatographed on silica gel using hexane as eluent to 
give colorless liquid. Yield: 10.7g (37.4%). 1H NMR (300 MHz, CDCl3): δ=7.12 (s, 
2H), δ=6.90 (s, 1H), δ=2.28 (s, 6H) ppm. 13C NMR (300 MHz, CDCl3): δ=139.84, 
129.10, 128.68, 122.13, 21.06. MS (m/z): 184.1. 
 
1-Bromo-3,5-bis(bromomethyl)benzene (37)9 
1-bromo-3,5-dimethylbenzene(3.7g, 20mmol), NBS(7.84g, 44mmol) and a catalytic 
amount of benzoyl peroxide were mixed in tetrachloromethane(100ml). The 
suspension was refluxed under hυ irradiation for 2 hours. After the reaction mixture 
was cooled to room temperature, the solvent was removed by reduced pressure. The 
residue was extracted with dichloromethane. The organic phase was washed with 
water and then dried over anhydrous sodium sulfate. The solvent was evaporated in 
vacuo. The residue was chromatographed on silica gel using hexane as eluent to give 
a white solid as product. Yield: 2.06g (30%). 1H NMR (300 MHz, CDCl3): δ=7.47 (s, 
2H), δ=7.34 (s, 1H), δ=4.41 (s, 4H) ppm. 13C NMR (300 MHz, CDCl3): δ=140.26, 
131.94, 128.23, 106.98, 31.40. MS (m/z): 341.7. 
 
1-Bromo-3,5-bis(mercaptomethyl)benzene (38) 
a. The thiouronium salt 
1-bromo-3,5-bis(bromomethyl)benzene(7g, 20.4mmol) was added in portions to a hot 
solution of thiourea(12g, 67.3mmol) in absolute ethanol(150ml) with good stirring. 
After the addition was completed, the reaction mixture was heated to reflux for 2h 
during which the reaction was monitored by TLC to ensure that all starting material 
had reacted. Then the mixture was cooled to room temperature and the solvent was 
evaporated to half volume. The mixture was filtered. The crystals collected were dried 
under vacuum and used directly for the subsequent reaction. 
 
b. Hydrolysis of the thioruonium salt 
 
The thiourium salt isolated in part a was placed in potassium hydroxide solution and 
the mixture heated at reflux for 3h. The mixture was then cooled and neutralized with 
sulfuric acid (2M) till pH=2. The mixture was extracted with dichloromethane. The 
organic phase was washed with saturated bicarbonate solution. The solvent then was 
removed under reduced pressure. The residue was chromatographed on silica gel 
using hexane/methanol (100:1) as eluent to give colorless oil as the product. Yield: 
1.9g (38%). 1H NMR (300 MHz, CDCl3): δ=7.22 (s, 1H), δ=7.36 (s, 2H), δ=3.68 (d, 
4H), δ=1.79 (t, 2H) ppm. 13C NMR (300 MHz, CDCl3): δ=139.83, 131.13, 128.70, 
122.18, 21.09. MS (m/z): 249.8. 
 
6,15-Dibromo-2,11-dithia[3,3]metacyclophane (39) 
A solution of 38 (0.747g, 3mmol) and 37 (1.03g, 3mmol) in toluene (100ml) was 
added dropwise into a solution of potassium hydroxide (1.68g, 30mmol) in 95% 
enthaol (1.2l) with vigorously stirring. After the addition was completed, the mixture 
solution was stirred at room temperature for 24h. The bulk of the solvent was 
removed under reduced pressure and the residue was extracted with chloroform. The 
organic layer was separated, washed with water and dried over anhydrous sodium 
sulfate. The solvent was then removed and the residue was chromatographed on silica 
gel using hexane and dichloromethane (3:1) as eluent. The dithiametacyclophane was 
isolated as a white solid. Yield: 0.54g (42%). 1H NMR (300 MHz, CDCl3): δ=7.05 (s, 
4H), δ=6.95 (s, 2H), δ=3.73 (s, 8H) ppm. 13C NMR (300 MHz, CDCl3): δ=138.96, 
130.18, 130.00, 122.35, 37.56. MS (m/z): 429.7. Anal. Calcd. For C16H14Br2S2: C, 
44.67; H, 3.28; Br, 37.15; S, 14.91. Found: C, 44.58; H, 3.14; Br, 37.20; S, 15.08. 
 
General procedure for the preparation of polymers  
A mixture of 29 (96mg, 0.25mmol) or 25 (96mg, 0.25mmol), monomer 39a 
(0.25mmol), (Ph3P)2PdCl2 (17mg, 0.025mmol) and CuI (14mg, 0.025mmol) were 
added to degassed toluene (7ml) and anhydrous triethylamine (3ml). The mixture was 
vigorously stirred at 70oC for 24h under nitrogen. After the mixture was cooled to 
room temperature, it was extracted with chloroform. The solution was concentrated to 
a saturated volume. The combined organic extracts were poured slowly into cold 
methanol. The precipitated solid was washed with methanol, water and methanol 
successively. The product was further washed with acetone in a Soxhlet apparatus for 
10h to remove oligomers and catalyst residues. The polymer was then dried under a 




Yield: 60 mg (37%). 1H NMR (300 MHz, CDCl3): δ=7.68-7.40 (br, H at fl-ring), 





Yield: 52 mg (32%). 1H NMR (300 MHz, CDCl3), δ=7.11-7.02 (m, H at ph-ring of 
metacyclophane), δ=6.96 (br, H at ph-ring), δ=4.04-3.98 (br, H at -OCH2-),δ=3.73 (d, 
H at ph-CH2-ph), δ=1.83 (br), δ=1.28-0.87 (m). 
 
3.3 Results and Discussion 
3.3.1 Synthesis of Monomers and Polymers 
The general synthetic route to monomers and polymers 40, 41 is outlined in the 
schemes. Compound 351 was prepared by dropping HBr acid (48%) to the starting 
material 34 in DMSO solution. The crystals of compound 35 were mixed with 
concentrated HCl acid to form a suspension. Then the suspension was treated by 
adding nitrite salt in and compound 35 formed its corresponding diazonium salt at the 
temperature not beyond 5oC. The resulting solution was mixed with hypophosphorous 
acid to obtain compound 362. Free radical bromination of 36 under irradiation was to 
yield its dibromide 37.3 Compound 37 was reacted with thiourea to form its 
thiouronium salt. This salt underwent hydrolysis by base to result its dimercaptan 38, 
which is colorless oil. This hydrolysis reaction should be preceded under nitrogen 
protection and the mixture could not be dealt with vigorous stirring. Even though, the 
yield of compound 384 was poor for this reaction. The compounds 37 and 38 were 
reacted in high dilution ethanol solution under the effect of base to yield the desired 
dithia[3,3]metacyclophane 39.5 Recrystallized from toluene was to yield the pure 
monomer 39 as a white crystal. In the preparation of 39, two conformers, syn and anti 
could in principle be formed. The anti conformer is expected to be the major product 
because the anti conformation should be relatively more stable as severe steric 
interactions are expected between the two stacking aromatic rings in the syn 
comformation. In fact, only 39a was isolated in our work. This might be due to the 
lower steric energy of 39a than that of 39b.  
 The copolymers6 40 and 41 were prepared by using Sonogashira coupling reaction. 
These condensed reactions which was catalyzed by palladium (II) were proceeded 
between the tri-bond compound 29 or 25 and the dibrominated 
dithia[3,3]metacyclophane under the protection of nitrogen. The crude copolymers 
were purified by Soxhlet extraction to yield 32% of 40 and 37% of 41 respectively. 
The color of polymer 40 appeared as yellow solid while polymer 41 showed a dark 
red color. 
 
3.3.2 Structural Characterization 
The structures of all the monomers were characterized by 1H NMR, 13C NMR and MS. 
The structures of the polymers were mainly characterized by 1H NMR. For the 
dithia[3,3]metacyclophane, the 1H NMR spectrum showed its H at phenyl-ring at 
δ=7.04 and δ=6.95 respectively. At δ=3.73, there was only one strong singlet 
indicating that the eight H atoms at bridges are in the same chemistry surrounding. 
Therefore, the structure of this dithia[3,3]metacyclophane 39a was highly 
symmetrical. 
 
1H NMR spectra of the polymers were obtained by dissolving them in d-chloroform at 
room temperature with enough scans. As described in chapter 3, the most 
characteristic feature of polymers 40 and 41 showed in spectra was their broad signals 
with little or no splitting. Some multiplets of the monomers were merged to a big 
broad peak in the polymers spectra. For the polymer 40, signals appeared at 
δ=7.68-7.40 corresponding to the protons at fluorene ring. The protons at 
metacylcophane moiety showed signals at δ=7.09-6.90. In comparison of the 
spectrum of monomer and polymer, one of obvious changes was that the benzylic 
protons of metacylophane, which appeared to as strong singlet in spectrum of the 
monomer splitted to a doublet in the polymer spectrum. This indicated that even the 
dithiacyclophane ring structure remained intact in the polymer backbone under the 
polymerization conditions, the surroundings of benzylic protons had changed because 
of the effects of the polymer backbone. The structure of the metacyclophane in 
polymer backbone was no longer symmetrical. The signals at δ=1.97-0.67 were all 
corresponding to the protons on the side chains. In the spectrum of polymer 41, 
signals δ=6.98-6.86 correspond to the protons at benzene rings of both the 
metacyclophane moiety and benzene ring with oxy-side chains. With the same reason 
mentioned in polymer 41 spectrum, the signals of benzylic protons also splitted to a 
doublet. The broad peaks appearing at δ=1.84-0.87 were expected to be protons on the 
side chains of the polymer. The spectra of polymers showed the corresponding peaks 
well compared with the spectra of their monomers.  
 
3.3.3 Molecular Weight Distribution 
GPC analysis was utilized in the determination of the molecular weights of the 
polymers synthesized. THF was used as an eluent and polystyrene was used as the 
standard. A summary of the molecular weights and polydispersity indices of polymers 
40 and 41 is listed in Table 4.1. 
Table 3.1 Molecular weights of polymers 40-41 
Polymers Mn (Daltons) Mw (Daltons) PDI 
40 144,624 220,434 1.52 
41 141,649 218,767 1.54 
 
It is clear that this series of isolated polymers also have high molecular weights and a 
narrow range of molecular weights dispersity. This indicated that Songashira coupling 
reaction is a good method to synthesize PPE-type polymers. 
 
3.3.4 Thermal Analysis 
 
The thermal stability of the polymers was studied in a nitrogen atmosphere over a 
temperature range of 25 oC to 800 oC by TGA (thermogravimetric analysis) method. 
The onsets of decomposition of polymers 40-41 are shown in Table 4.2 
Table 3.2  TGA data for polymer 40-41 




There is only one step weight loss for both of the polymers 40 and 41. The onset 
degradation temperatures are from 380 oC and 355 oC respectively with 5% weight 
loss in nitrogen. The high TGA temperature of these two polymers indicates that both 
of them are thermally stable and might be suitable for LED material. After the 
temperature was raised to 800 oC, 63.1% residue was left for polymer 40 and 41.5% 
for polymer 41. The non-decomposed residue was believed to be the polymer 
backbone. 
 
The glass transition temperatures of polymers were determined by differential 
scanning calorimetry (DSC) in a nitrogen atmosphere. The temperatures of glass 
transition (Tg) of both the metacyclophane based polymers were not obvious until the 
experimental temperature was raised to their decomposition temperature. This might 
be due to the high molecular weights of these polymers, which result in increasing the 
intermolecular interactions and making the phase transition a gradual process. Thus, 
there would be no obvious Tg observed. 
 
3.3.5 Electrochemical Properties 
The redox properties as well as the HOMO and LUMO energy levels of the polymers 
40 and 41 were investigated in an electrolyte (0.1 mol/l solution of tetrabutyl 
ammonium perchlorate [BuNClO4] in anhydrous acetonitrile) by cyclic voltammetry. 
The cyclic voltammograms of polymer 40 and 41 are displayed in Figure 3.1 
















Figure 3.1. A cyclic voltammogram of Polymer 40. 
 




















Figure 3.2 A cyclic voltammogram of Polymer 40. 
 
Figure 3.1 and Figure 3.2 depict the CV curves of both the p-doping and n-doping 
processes of polymer 40 and 41 respectively and the figures clearly indicate the film 
of 40 and 41 showed irreversible n-doping and p-doping processes. On sweeping the 
polymer anodically, the onset of the oxidation process of polymer was observed at 
2.13 V for polymer 40, with a clear oxidation peak at 2.49 V. In the cathodic scan, the 
onset potential for reduction is -1.52 V and the reduction peak appeared at -2.18 V. 
Similarly, from the cyclic voltammograms of polymer 41, the onset of oxidation 
potential is estimated to be 1.92 V with the oxidation peak at 2.46 V while the onset 
of reduction potential is -1.31 V with the reduction peak at -2.10 V. The oxidation 
potential of polymer 40 is a little higher than that of polymer 41 because the fluorene 
moiety in polymer 40 backbone is electrons richer than the benzene moiety in 
polymer 41 backbone. 
 
Table 3.3 p-doping and n-doping characteristics of the polymer 40-41   
p-doping (V) n-doping (V) Energy levels (eV) Band gap 
Polymers 
Eonset Eonset HOMO LUMO Eonset
40 2.13 - 1.52 -6.52 -2.87 3.65 
41 1.92 - 1.31 - 6.31 - 3.08 3.23 
 
HOMO and LUMO energy levels of the two polymers 40 and 41 were estimated 
according to an equation reported by de Leeuw et al. (please refer to Chapter 3). Their 
onset potentials for reduction, onset potentials for oxidation, the estimated HUMO 
and LUMO energy levels and the corresponding bandgaps are tabulated in Table 4.3. 
From their cyclic voltammograms of the polymer films, the bandgaps were estimated 
to be 3.65 eV and 3.23 eV for polymer 40 and 41, respectively. The values of the 
bandgaps are a bit high. This indicates that the two benzene rings of the 
dithiametacyclophane intermolecular interact is weak as well as the π-π conjugation 
through space. Otherwise, it shows that these polymers are not suitable for 
electroluminescence materials because of their large bandgaps. 
 
3.3.6 Optical Properties 
The optical properties of the two polymers 40 and 41 were investigated by UV-vis 
absorption and photoluminescence (PL) spectroscopy. The absorption and 
photoluminescence spectra are given in Figure 3.3 and Figure 3.4 
 

























Figure 3.3 UV-Vis and PL spectra of Polymer 40 
 























Figure 3.4 UV-Vis and PL spectra of Polymer 41 
 
In the absorption spectra of polymer 40, a broad peak onsets at 475 nm and reaches a 
λ max at 378 nm. The photoluminescenece spectra of polymer 40 shows PL λ max is at 
428 nm with a shoulder peak about at λ=460 nm. For the polymer 41, UV λ max is at 
415 nm and PL λ max is at 468 nm. The PL spectra of polymer 40 and 41 indicate that 
both of them exhibit blue light. 
 










40 378 475 428 0.10 
41 415 480 468 0.06 
 
Fluorescence quantum yields (Φ) were also measured by using a Perkin Elmer LS 
50B Luminescence Spectrometer at room temperature. Values were calculated 
according to equation given in earlier chapter. The PL quantum efficiency of polymer 
40 and 41 are found to be 0.10 and 0.06, respectively. The absorption and 
fluorescence data of the two polymers are summarized in Table 4.4 
 
3.4 Discussion  
The polymers 40 and 41 are the first examples of PPE derivatives that have 
metacyclophane moiety incorporated into their polymer backbone. The following 
examples are selective ones used to compare with polymers 40 and 41. The physical 



















Table 3.5 A comparison of polymers 40, 41 and other related polymers 







40 144,624 220,434 1.52 380 378 428 
A1 44,800 82,800 1.84 382 379 423 
B1 56,700 88,600 1.56 330 378 427 
41 141,649 218,767 1.54 355 415 468 
A3 24,400 - - 400 414 474 
 
The polydispersities of polymers 40 and 41 are estimated to be 1.52 and 1.54, a rather 
low value indicating that the molecular weight distribution is narrow with 
approximate polymeric chain lengths. An encouraging observation of polymers 40 
and 41, which have dithiametacyclophane in backbone, was the high thermal stability 
compared to the dithiaparacyclophane based polymers reported in the previous 
chapter. The temperatures of decomposition for polymer 40 and 41 are 355 oC and 
380 oC, which are much higher than polymers 30-33 and can be comparable to the 
linear PPE-type polymer A1. This might be due to the C-S bonds of metacylcophane 
are in polymer backbone of 40-41, which may increase the interaction of molecule, 
while the C-S bonds of paracyclophane are attached to the polymer backbone of 
30-33, thus causing the intermolecular force to be weaker than that of 40 and 41. 
 
From the data of CV, the onset of the oxidation process for 40 and 41 varied in the 
range of +2.13 to +1.92 V, which is much higher than that of the polymer A1 (+1.42 
V). Similarly, the onset of n-doping waves of polymers 40 (-1.52 eV) and 41 (-1.31 
eV) are also higher than that of polymer A1 (-1.80 V). This indicate that when the 
synthesized dithia[3,3]metacyclophane is introduced into the polymer backbone, there 
is almost no π-π conjugation through space. The two parallel benzene rings act are 
more likely as two separate units. 
 
Introduction of the dithia[3,3]metacyclophane moieties into the polymer backbone did 
not result in obvious shift in absorption or emission compared with polymer A1 in 
which the polymer backbone is replaced with benzene ring moiety. Similarly, in 
comparison with polymer A3, the absorption and photoluminescence spectra of 
polymer 41 also did not show valuable changes on the optical properties.  
 
In comparison with the polymer B1, which was synthesized in our laboratory, 
polymer 40 shows its better thermal stability. The optical properties of this PPE-type 
polymers comprising of either the paracylcophane or metacyclophane in the polymer 
backbone do not varied much. This indicates that the introduction of dithia [3,3] 
cyclophane into PPE-type polymer backbone may not alter the optical properties 
significantly. The reported PPE –type polymers A2 and A4 exhibit much blue-shift in 
both absorption and emission and can more intense blue light compared with 
polymers 40 and 41. The good optical properties of these reported polymers should be 




In conclusion two novel PPE-type polymers 40 and 41 with intact dithia 
[3.3]metacyclophane moiety in the backbone were prepared. Through the NMR 
spectroscopic analysis, both of them show the desired structures. Though there are the 
existences of C-S bonds, the thermal stability of the polymers are good. The large 
band gap of these polymers indicates that these polymers are not suitable for organic 
conducting materials.  The optical properties of these polymers are poorer than the 
reported ones and this might be due to the long bridge distance of the 
dithiametacyclophane. The optical properties are expected to be improved when the 
sulfur extraction was done. 
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 Chapter 4  Attempted Synthesis of [2,2]cyclophane and Suggestion 
for Future Work 
 
As discussed in the previous chapter, the large bandgap determined for 
dithiacyclophane-based copolymers somewhat validated that they are not examples of 
organic electroconducting materials. The optical properties of these polymers are also 
slightly comparable with the copolymers without introduction of the dithiacyclophane 
moiety. The reported [2,2]paracyclophane-based copolymers showed that they can 
exhibit strong blue light and possess good optical properties mainly due to the strong 
intramolecule interaction. Thus, we also attempted to convert dithiacyclophane to 
cyclophane with sulfur extraction. 
 
4.1 Attempted Synthesis of [2,2]Cyclophanes 
To find a suitable route of obtaining [2,2]cyclcophane, in our work, we have selected 
6,15-dibromo-[2,2]metacycclophane and 5,8-dibromo-[2,2]paracyclophane as our 
desired products. In one route, we tried to get the product directly by coupling the two 
corresponding compounds under high dilution condition using phenyl lithium as the 
base reagent. Alternatively, we tried synthesize the corresponding 
dithia[3,3]paracyclophane first and carry out the sulfur extraction to obtain the desired 
product. The sulfur extraction of dithia[3,3]cyclophane could be carried out in several 
methods. The commonly used ones are photochemical method and chemical method. 
The synthetic routes to 6,15-dibromo-[2,2]metacycclophane and 


























Scheme 4.1 A synthetic route to product 52. 
Reagents and conditions: (1) 48% HBr acid, DMSO, r.t; (2) [i] 37% HCl acid, NaNO2, 
ice bath.; [ii] 50% H3PO2, r.t. (3) NBS, CCl4, hυ, reflux; (4) phenyl 
lithium,ethanol/toluene, rt. 
 



























Scheme 4.2 A synthetic route to product 45 
Reagents and Conditions: (1) NBS, benzoyl peroxide, CCl4, irradiation, reflux; (2) 
thiourea, NaHCO3, ethanol, reflux; (3) KOH, ehanol, toluene, r.t. (4) (CH3O)2CHBF4, 
CH2Cl2, -30oC (5) potassium tert-butoxide, THF, r.t. 
 
4.2 Experiment Details 
4.2.1 Direct Coupling Route 
Phenyl lithium1 
n-Butyllithium (6.4 ml, 1.6 M in hexane, 0.010 mol) and dry THF (10 ml) were 
cooled to -78 oC under an atmosphere of dry argon. Subsequently, bromobenzene 
(1.88 g, 0.012 mol) in dry THF (10 ml) solution was added dropwise over 30 min, 




Compounds 37 (0.686 g, 2 mmol) dissolved in toluene solution were added to the 400 
ml dry ether solution under an atmosphere of nitrogen in a dropwise manner into a 
reaction mixture vigorous stirring. The freshly prepared phenyl lithium was added in 
simultaneously. The mixture was allowed to stir for 2 days under the protection of 
nitrogen. The solvent was then removed under reduced pressure. The residue was 
collected. 
 
Results and Discussion 
The residue collected after the reaction was tested to be highly insoluble in any 
common organic solvent and could not be characterized. It might be assumed to 
precede cross-link polymerization reaction instead of the occurrence of the desired 
coupling reaction. The collected residue could not be readily dissolved in common 
solvents. Although bromine at the sp3 carbon is more reactive than that at the sp2 
carbon, phenyl lithium is a strong organic base and can react with the bromine at the 
phenyl ring. 
 
This reaction should be carried out under anhydrous condition and isolated from 
oxygen. However, the long reaction time increased the possibility of moisture 
absorption from atmosphere and oxygen contact even under the protection of 
nitrogen.  
 
From the discussion above, it showed that the route of direct coupling to synthesize 
brominated [2,2]cyclophane was not a good choice. The reaction conditions are 
highly rigorous. The long reaction time is also undesirable. 
 
4.2.2 The Dithia[3,3]cyclophane Route 
 
1,4-Bis(bromomethyl)benzene3 (43) 
The compound 42 (1.06 g, 10mmol), NBS (3.92g, 22mmol) and a catalytic amount of 
benzoyl peroxide were mixed in CCl4 (100ml). The suspension was refluxed under hυ 
irradiation for 4h. After the reaction mixture was cooled to room temperature, it was 
extracted with CH2Cl2 three times. The organic phase was washed with water and 
brine and then dried over anhydrous sodium sulfate. After filtration and solvent 
evaporation, the residue was recrystallized twice from ethanol to give a white solid as 
the product. Yield: 1.32 g (50%). 1H NMR (300MHz, CDCl3): δ=6.90 (s, 4H), δ=4.52 




Compound 43 (2.64g, 10mmol) and thiourea (1.67g, 22mmol) were added to ethanol 
(100ml). The reaction temperature was slowly increased and the reactions were 
refluxed for 3h and the solvent was then removed in vacuum. The dithiouronium salt 
was then refluxed with 10% sodium hydroxide for 2h. Then sulfuric acid (98% 
H2SO4:H2O=7:1) was added to the reaction mixture. The mixture was extracted with 
ether and washed sequentially with water and brine. The combined organic extracts 
were dried over anhydrous sodium sulfate. The solvent was then removed and the 
residue was chromatographed on silica gel using hexane/methanol (100:1) as eluent to 
yield a white solid. Yield: 1.19 g (88%). 1H NMR (300MHz, CDCl3): δ=7.27 (s, 4H), 
δ=3.73 (d, J=7.3 HZ, 4H), δ=1.75 (t, J=7.5 Hz, 2H). 13C NMR (300 MHz, CDCl3): 
δ=140.29, 131.57, 121.97, 27.68. MS (m/z): 170.2. 
 
5,8-Dibromo-2,11-dithia[2,2]paracyclophane5 (46) 
A solution of 13 (0.98g, 3.0mmol) and 44 (0.510g, 3.0mmol) in toluene was added 
dropwise with vigorous stirring to a solution of KOH (1.68g, 30mmol) in 95% ethanol 
(1L). After the addition was completed, the reaction mixture was stirred for an 
additional 24h at room temperature. The solvent was then removed under reduced 
pressure. The residue was extracted with chloroform for 3 times. The organic phase 
was washed with water and then dried over anhydrous sodium sulfate. After the 
solvent was removed, the residue was chromatographed on silica gel, using 
hexane/dichloroemthane (3:1) as eluent, to afford the desired product. Yield: 0.77g 
(60%). 1H NMR (300 MHz, CDCl3): δ=7.18 (s, 2H), δ=7.17 (d, J=9.4 Hz, 2H), 
δ=7.02 (d, J=9.4 Hz, 2H), δ=4.15 (d, J=15.1 Hz, 2H), δ=3.89 (d, J=15.1 Hz, 2H), 
δ=3.80 (d, J=15.1 Hz, 2H), δ=3.62 (d, J=15.1 Hz, 2H). 13C NMR (300 MHz, CDCl3): 








Trimethyl orthoformate (5.5 ml, 0.05 mol) was added dropwise to a solution of BF3 
etherate (7.5 ml, 0.06mol) in dry dichloromethane (7 ml) maintained at -78 oC 
(acetone and dry ice mixture) and the reaction was stirred for 5 mins. The temperature 
of the reaction mixture was then brought to 0 oC and stirred for an additional 15 mins. 
The mixture was again cooled to -78 oC and dichloromethane was removed under 
vacuum while raising the temperature till the solid melt. More dichloromethane was 
added and the mixture was stirred thoroughly. The solvent was again removed under 
vacuum to give (CH3O)2CHBF4 a yellow oil. This was used directly for the 
subsequent reaction without further purification. 
 
Stevens Rearrangement of Cyclophane 469 
(a) Preparation of sulfonium slat 47 
A suspension of the dithiacylcophane 46 (0.43 g, 1 mmol) in dichoromethane (10ml) 
was added to a suspension of (CH3O)2CHBF4 (0.355 g, 2.2 mmol) in dichloromethane 
(10 ml) under N2 at -30oC. The mixture was then stirred without further cooling for 3 
h and then ethyl acetate was added and the mixture was stirred an additional 12h. The 




Potassium tert-butoxide (0.32 g,2.85 mmol) was added to a stirred suspension of salt 
47 (0.66 g, 0.95 mmol) in dry THF (50ml) under N2 at 20 oC, and the mixture was 
stirred for 1 h. Dilute HCl acid and dicloromethane were then added, the organic layer 
was washed, dried and evaporated. The resulting yellow solid was chromatographed 
on silica gel and flushed by dichloromethane to yield 0.208 g (40%) of 48 as a 
mixture of stereoisomers. 
 
Hofmann Elimination 
(c) Preparation of sulfonium salt of 48 
A solution of the mixtures of isomers of 48 (0.208 g, 0.38 mmol) in dichloromethane 
(6 ml) was added to a stirred suspension of (CH3O)2CHBF (0.135 g, 0.836 mmol) in 
dichloromethane (6 ml) at -30 oC under N2. After the mixture had stirred for 3 h 
without further cooling, ethyl acetate (3 ml) was added and the mixture was stirred for 
a further 14 h. The white powder of the mixed sulfonium salts of 48 was collected and 
dried to give 0. 167 g (60%) 
 
(d) Elimination of –S(Me)2 groups 
These salts of 48 (0.167 g, 0.228 mmol) were suspended in dry THF (10 ml) at 20 oC 
under N2 and potassium tert-butoxide (0.056 g, 0.502 mmol) was added. The reaction 
mixture was then stirred for an additional 2 h, cooled and poured into dilute aqueous 
HCl-dichloromethane. The organic layer was washed, dried and evaporated and the 
residue was chromatographed on silica gel using hexane as the eluant to yield 0.083 g 
of 49. 1H NMR (300MHz, CDCl3): δ=7.24 (d, J=12 Hz, 2 H), δ=7.15 (d, J=4.5 Hz, 
2H), δ=6.84 (d, J=4.5 Hz, 2H), δ=6.55 (s, 2H), δ=5.2 (d, J=12 Hz, 2H). 13C NMR 
(300MHz, CDCl3): δ= 139.8, 137.4, 137.2, 135.0, 131.0, 126.6, 123.8. MS (m/z): 
361.9. 
 
Results and Discussion 
Compound 45 could be probably synthesized by dithiacyclophane route. The 
dithia[3,3]paracyclophane could be done of sulfur extraction through Stevens 
Rearrangement and Hofmann Elimination. However, there are four steps from the 
dithia[3,3]cyclophane to the desired [2,2]cyclophane. The total yield after four 
reactions was 2.6%. This total yield is too low for a reasonable reaction and not good 
for the further step. The reaction that determined the yield is considered to be 
Hofmann elimination reaction. The modification of this step is expected to improve 
the yield of the whole reaction. 
 
4.3 Conclusion of the work 
Novel series of PPE-type copolymers containing para-or metadithia[3,3]cyclophane 
moieties have been successfully synthesized with high molecular weights by using 
Songashira coupling reaction. Based on their characterization results obtained in 
previous chapters, some main conclusions are summarized here: 
 
1. The thermal stability of the polymers is mainly determined by the location of C-S 
bonds. The existence of C-S bonds in polymer backbone did not reduce the 
stability of the polymers. 
 
2. The electrochemical properties of these polymers show that they have a large 
bandgap. This indicates that they might not be suitable for organic conducting 
materials. 
 
3. The study of the optical properties of these dithia[3,3]cyclophane based PPE-type 
copolymers shows that all of these copolymers exhibit blue light. Especially, if 
fluorene moiety is in polymer backbone, the emission of blue light is much 
stronger.  
4.4 Suggestions for the future work 
The composition of polymer backbone played an important role on polymer 
properties. The emission color could be tuned by introducing different moieties. And 
the introduction of side chain provided the solubility of all the polymers. The length 
of side chain had little influence on polymer properties. In the future, we can improve 
the properties of these polymers in the following directions: 
 
1. The side chain lengths of these polymers could be increased to obtain better 
solubility. 
2. The dithia[3,3]cyclophane could be converted to its corresponding 
[2,2]cylcophane by a series of steps. Polymers with [2,2]cyclophane moieties are 
expected to have better thermal stability and better optical properties due to the 
stronger transannular π-π interaction. 
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